Akt is a Ser-Thr kinase with pleiotropic effects on cell survival, growth and metabolism. Recent evidence from gene-deletion studies in mice, and analysis of human platelets treated with Akt inhibitors, suggest that Akt regulates platelet activation, with potential consequences for thrombosis. Akt activation is regulated by the level of phosphoinositide 3-phosphates, and proteins that regulate concentrations of this lipid also regulate Akt activation and platelet function. Although the effectors through which Akt contributes to platelet activation are not definitively known, several candidates are discussed, including endothelial nitric oxide synthase, glycogen synthase kinase 3β, phosphodiesterase 3A and the integrin β 3 tail. Selective inhibitors of Akt isoforms or of proteins that contribute to its activation, such as individual PI3K isoforms, may make attractive targets for antithrombotic therapy. This review summarizes the current literature describing Akt activity and its regulation in platelets, including speculation regarding the future of Akt or its regulatory pathways as targets for the development of antithrombotic therapies.
Akt isoforms & function in platelets
There are three mammalian Akt isoforms: Akt1, 2 and 3 [2] . mRNA for Akt1 and Akt2 has been detected in human platelets [3, 4] , and expression has been verified by a proteomic approach for Akt1 [4] . Mice express the protein for both Akt1 and Akt2 in platelets [5] [6] [7] ; Akt3 has not been detected in platelets to date. None of the iso-forms platelet specific. Akt1 is widely expressed and are associated with organismal growth, cell survival and carcinogenesis [8] . Akt2 is expressed in fat and skeletal muscle cells, among other cells. The targeted deletion of Akt2 in mice leads to a diabetic phenotype as mice reach adulthood [9] . Akt3 is expressed in the brain [10] , testes [11] and melanocytes, and has been implicated in VEGF-dependent mitochondrial biogenesis [12] , brain development [13, 14] and in the development of malignant melanoma [15] .
Our understanding of the function of individual Akt isoforms in platelets primarily relies on the results of studies of mice with targeted deletions of the individual isoforms. Deletion of Akt1 in a mixed 129R1/C57Bl/6 background of mice resulted in reduced platelet responses to thrombin and collagen [6, 16] . Impaired aggregation, fibrinogen binding, ATP secretion and mobilization of calcium release were seen in response to thrombin; the latter suggesting a defect in an event proximal to receptor activation in Akt1 −/− platelets [6] .Akt1 −/− mice exhibited a prolonged tail-bleeding time compared with wild-type control mice, suggesting that the defect in platelet function was sufficient to impair hemostasis [6] . In C57Bl/6 mice, deletion of Akt2 also resulted in impaired platelet function, characterized by reduced sensitivity to thrombin receptor activated peptide (TRAP)-dependent fibrinogen binding, reduced secretion of dense and α-granule contents and a relative resistance to an arterial injury model of thrombosis [5] . Additional deletion of a single allele of Akt1 with absence of Akt2 exacerbated the platelet defect in vitro. However, no defect in collagen-mediated aggregation was observed, nor was there any defect noted in tail-bleeding time in Akt2 −/− mice of the C57Bl/6 background. Defects in GPIb-mediated signaling were also noted in mice lacking Akt1 or Akt2 [7] . These studies suggest that the two isoforms have similar overlapping functions in platelet activation, although it is possible that Akt1 activation is preferentially activated by collagen signaling pathways and contributes more directly to hemostasis. It is also possible that expression of Akt1 or Akt2 in the vasculature contributes to the role of these isoforms in hemostasis or thrombosis, although this would seem counter intuitive, given that Akt expression in vascular beds contributes to nitric oxide (NO) production [17] , which has been shown to limit platelet activation and thrombosis [18] [19] [20] .
Studies using Akt inhibitors in human platelets generally support a similar role for Akt in activation of human platelets [7, 21, 22] . Several inhibitors of Akt have been reported to reduce aggregation of human platelets in vitro. However, treatment of human platelets with Akt1/2i has been shown to increase SFLLRN-mediated platelet aggregation in a PI3K-independent manner, presumably owing to off-target mechanisms [23] . The specificity of putative Akt inhibitors is still being evaluated and, thus, the relative roles of individual Akt isoforms in human platelets remains undefined. Of notable significance, a SNP in the gene encoding Akt2 was recently identified and found to be associated with platelet activity, suggesting that there is a role for Akt2 in the function of human platelets [1] .
Akt & the mechanism of platelet activation
Despite years of study, the precise mechanism by which Akt supports platelet activation remains poorly characterized. The fact that the platelet function defects seen at low agonist concentrations in the absence of Akt1 or Akt2 are overcome at higher agonist concentrations may suggest a primary defect in secretion, given the amplifying nature of platelet secretion on aggregation and fibrinogen binding. Consistent with this idea is the observation that platelets lacking Akt1 or Akt2 have defects in secretion of dense and α-granule contents [5, 6] . Studies from the laboratory of Du provide more evidence suggesting that Akt contributes to platelet secretory pathways. The laboratory identified a second wave of secretion in platelets stimulated with the thromboxane A2 mimetic U46619 [24] . Second-wave secretion was dependent on PI3Kγ and outside in signaling by the fibrinogen receptor, α IIb β 3 . As an effector of PI3K, Akt was a possible candidate to mediate this second-wave signal. Consistent with this, collagen and thrombin-induced ATP secretion are both reduced in the absence of Akt1 or in the presence of the Akt inhibitor SH-6 [16] . 8 Br cGMP partially restores secretion and aggregation in response to either of these agonists, suggesting that Akt may regulate secretion in part by regulating a NO − and cGMP − dependent pathway. However, the role of NO in platelet secretion is controversial, as studies have shown for years that endothelial-or platelet-derived NO, as well as NO donors, suppress platelet aggregation, rather than support it [18] [19] [20] 25] . Specifically, Morrell et al. have shown that NO donors inhibit, rather than stimulate secretion of platelet granules [26] . Thus, the specific mechanism by which Akt regulates platelet secretory function remains to be resolved and would benefit from the definitive identification of Akt substrates involved in platelet secretory pathways.
In addition to influencing platelet secretory function, it has been hypothesized that Akt may regulate the function of integrin αIIbβ3. This platelet-specific integrin is subject to two modes of conformation-dependent regulation, termed inside-out and outside-in signaling [27] . Integrin inside-out signaling refers to signaling mechanisms, such as those induced by agonists for G-protein-coupled receptors, that induce conformational changes in the integrin structure that facilitate binding of soluble fibrinogen to the extracellular integrin domains. Outside in signaling refers to signaling that occurs subsequent to fibrinogen binding and results in such platelet phenotypic changes as retraction of thrombin-dependent platelet-fibrin clots and platelet spreading on fibrinogen-coated surfaces. Given that Gi-dependent activation of PI3Ks promotes activation of both Akt and Rap1, it has been considered that activation of Akt may contribute to activation of Rap1 as a downstream consequence [22] . Evidence in support of this view is that Gai-dependent GTP loading of Rap1 has recently been noted to be reduced in the presence of an Akt inhibitor [22] . However, it has been noted that application of phosphatidylinositiol-3,4-bisphophate (PI [3, 4] P2) to platelets can facilitate Akt phosphorylation, but not Rap1 activation [28] , suggesting that the two events occur through differentially regulated pathways. By contrast, a recent study in endothelial cells demonstrated reductions in Akt phosphorylation following silencing of Rap1A or Rap1B [29] . An increase in Akt phosphorylation had also been demonstrated in neuronal cells stimulated to increase Rap1 activation with the cAMP-dependent GEF Epac. A similar cAMP-and Epac-dependent phosphorylation of Akt phosphorylation was ablated by knockdown of Rap2 [30] . These studies suggest that, in some cells, Akt activation may be downstream, rather than upstream of Rap1. However, this possibility remains to be demonstrated in platelets.
Akt effectors in platelets
More than 100 substrates of Akt have been reported in a variety of cell types [31] . Many Akt substrates have roles in the regulation of gene transcription but Akt clearly modulates platelet aggregation and secretion through mechanisms that occur within a time frame of seconds to minutes to acutely regulate the function of this anucleate cell. A number of candidate substrates exist in platelets. The first relates to the reported effects of NO on platelet secretion described earlier. Endothelial NO synthase (eNOS) is an Akt substrate in endothelial cells and its phosphorylation induces activation of the enzyme, which catalyzes the synthesis of NO from l-arginine [32, 33] . There are three mammalian isoforms of NOS (NOS1, 2 and 3, also termed NOS, inducible NOS [iNOS] and eNOS, respectively). Their expression in human platelets is a subject of some controversy, with one laboratory suggesting that both iNOS and eNOS are expressed [34, 35] , while others suggest the presence of only eNOS [36] . Du and colleagues propose a model in which Akt-mediated phosphorylation of eNOS induces platelet NO production, in turn leading to cGMP production and cGMP-induced secretion [16] . An increase in platelet cGMP production upon platelet activation has been reported by other laboratories [37, 38] ; however, these recent studies suggest that an eNOS-independent mechanism of soluble guanylyl cyclase activation may be responsible [37] . As noted previously, other studies conclude that eNOS is present in platelets, but plays an inhibitory role in platelet granule secretion and aggregation [26, 36] . A recent study has found that none of the three NOS isoforms are present in platelets ,and that previous studies were confounded by the presence of contaminating leukocytes [37] . At this point, the preponderance of evidence would suggest that the majority of NO encountered by the platelet in the vasculature is not platelet derived and has an inhibitory function on platelet activation. Certainly, a role for Akt in endotheliumderived NO is supported by independent laboratories [32, 33] , but the majority of studies suggest a suppressive effect of NO on platelet function and thrombosis [20, 26, 36, 39] , rather than the positive effect noted by the Du laboratory [7, 16, 35] . Thus, the role of Akt in regulating platelet aggregation and thrombosis probably occurs through phosphorylation of platelet substrates other than, or in addition to, eNOS.
As in insulin-responsive cells, glucose uptake is active in platelets to maintain stores for ATP generation, which supports active processes, such as secretion. In platelets, glucose uptake can be stimulated by thrombin or insulin and is primarily mediated by the glucose transporter, GLUT3 [40] . Glucose uptake stimulated by thrombin or insulin is reduced in the presence of the Akt inhibitor, ML-9, suggesting that Akt contributes to glucose uptake in platelets, as it does in skeletal muscle or adipocytes [40] . However, the role of Akt in glucose uptake is not responsible for its role in platelet aggregation, since insulin induces Akt phosphorylation in platelets, but not platelet aggregation.
Another candidate effector of Akt is the β 3 integrin itself. A peptide based upon the cytoplasmic sequence of β 3 integrin becomes phosphorylated in vitro in the presence of Akt [41] . The phosphorylated residue was found to correspond to Thr753 in the β 3 tail, and was found to inhibit binding of Shc to β 3 tail phosphorylated on Tyr759 [41] . Phosphorylation of Thr753 is increased in the presence of phosphatase inhibitors, such as calyculin A, which also reduce platelet adhesion [42] . Thus, phosphorylation of the residue is associated with the negative regulation of platelet outside-in signaling. However, Akt inhibitors were not found to block phosphorylation of Thr 753 [42] , and Akt has generally been found to positively regulate platelet activation. At present, it seems unlikely that Akt is the kinase directly responsible for phosphorylation of β 3 Thr753 in platelets. Furthermore, the relevance of β 3 Thr753 to regulation of platelet integrin function in vivo is still unclear. However, it is interesting to note that Thr753 occurs within a sequence that approximates the consensus sequence for recognition by a well-described Akt target in many cells, glycogen synthase kinase (GSK)3β (746-LFKEATSTFTNITYR). The potential regulation of Thr753 by GSK3β remains to be determined.
Glycogen synthase kinase 3β is a substrate for Akt in a variety of cell types and is present in platelets from humans and mice [43] . Li et al. showed that human platelets treated with GSK3 inhibitors display enhanced aggregation in vitro and that mouse platelets lacking a single allele of GSK3β are hypersensitive to agonist-induced aggregation and secretion [43] . Haploinsufficiency of GSK3β also results in hypersensitivity to arterial thrombosis in ferric chloride injury models in mice. These data suggest that GSK3β plays a negative role in regulating platelet function, but the substrates through which GSK3β regulates secretion and fibrinogen binding remain to be definitively identified. There is also some controversy regarding the role of GSK3β in platelet function. A previous report noted that platelets treated for short time periods with GSK3 inhibitors had reduced aggregation relative to untreated controls [44] . In our work noting enhancements of platelet function in the presence of GSK3 inhibitors, platelets were allowed to equilibrate with LiCl or other GSK3 inhibitors for 2 h, since a previous report had quantified the time-dependent accumulation of intracellular LiCl in platelets and noted that 2 h was required to reach equilibrium concentrations [45] . The genedeletion studies, taken together with known roles of Akt and GSK3 in other cell systems, suggest that Akt-mediated phosphorylation of GSK3β inhibits the constitutive kinase activity of GSK3β, thus reducing phosphorylation of GSK3 substrate. Agonist-dependent dephosphorylation of the putative GSK3 substrate, microtubule-associated protein MAP τ, is seen in platelets [43] and its phosphorylation is sensitive to GSK3 inhibitors and reduced in GSK3 heterozygous or knockout platelets. Nevertheless, the functional relevance of phosphorylation of any GSK3 substrate to platelet activity remains to be defined.
Akt has also been reported to play a role in regulation of the cAMP phosphodiesterase (PDE) 3A [46] . This enzyme regulates the concentration of cAMP in the platelet by hydrolyzing 3′, 5′-cAMP to its inactive metabolite, 5′AMP. High concentrations of cAMP within the platelet is known to impede multiple steps in platelet activation, such as agonist-stimulated calcium mobilization and, ultimately, activation of integrin α IIb β 3 . An increase in PDE3A phosphorylation was detected upon platelet stimulation with thrombin using an antibody developed to detect the phosphorylated Akt substrate consensus sequence (RXRXXS/T). The increase in PDE3A phosphorylation correlates with an increase in platelet PDE3A activity detected upon thrombin stimulation. A role for Akt in the regulation of cAMP levels was proposed, since inhibition of Akt blocked the suppression of cAMP concentrations induced by thrombin in this study. However, a more recent study demonstrated that thrombin or SFLLRNmediated phosphorylation of PDE3A is reduced by inhibitors of PKC and not by the PI3K inhibitor, wortmannin, which inhibits Akt activation [47] . In this study, IGF-1-mediated activation of platelet Akt was insufficient to cause PDE3A phosphorylation or cAMP hydrolysis, but was sufficient for stimulation of platelets with the PKC-activating phorbol ester PMA-induced PDE3A phosphorylation and hydrolysis of cAMP. Thus, a role for Akt in cAMP modulation remains unconfirmed.
While a role for Akt in regulating platelet activation is not disputed, the precise mechanism by which it does so remains poorly defined. The mechanism is probably multifactorial, but the relative roles of each of these putative substrates in contributing to the potentiation of platelet activation by Akt requires further study.
Regulation of Akt activation in platelets
Given that Akt undoubtedly plays a supporting role in platelet function in vivo, the regulation of Akt activity is also the subject of intense study. The Akt kinase is comprised of three domains: a pleckstrin homology domain (PH), a catalytic domain and a regulatory domain [2] . The consensus model for its activation is that the binding of 3-phosphorylated polyphosphoinositides to the PH domain localizes Akt to the membrane, where it becomes exposed to kinases that catalyze its phosphorylation at two sites: Thr308 in the kinase domain and Ser473 in the regulatory domain (reviewed in [48, 49] ). Akt is, thus, critically regulated by the concentrations of PI(3,4)P2 and phosphatidyl inositol-3,4,5-trisphospohate (PI [3, 4, 5] P3) and by the kinases that phosphory-[3,4,5]P3) and by the kinases that phosphory-P3) and by the kinases that phosphorylate these two sites. Thr308 in the catalytic domain is phosphorylated by a 3-phosphoinositide-dependent kinase, PDK1 [50] , so termed because of its regulation by phosphoinositide binding. The identity of the kinase responsible for phosphorylation of Ser473 was generically termed PDK2 before the protein responsible for the activity was identified. Currently, there appear to be a number of kinases mediating this activity in different cell lines. Phosphorylation of Ser473 is catalyzed by a complex of rictor and mTOR in various cell lines [51, 52] or by DNA-dependent protein kinase in the nucleus [53] , but there have been reports that PKCβ may regulate phosphorylation of the Akt residue in mast cells [54] and that PAK1 may do so in cardiomyocytes [55] . Platelets express each of these proteins (although they express the b1 form of PKC, whereas the b2 form regulated mast cell Akt) and it is unclear which is responsible for the activation of Akt in platelets.
Upon agonist binding to platelets, D3-phosphorylated phosphoinositides are generated in a PI3K-dependent fashion [56] . PI(3,4)P2 and PI(3,4,5)P3 both bind to the PH domain of Akt and have been shown to result in Akt activation. There is evidence that platelets stimulated with thrombin generate an initial wave of PI(3,4,5)P3, inducing Akt activation, which is then sustained by an increase in PI(3,4)P2 levels following integrin engagement [57, 58] .
A number of PI3Ks are expressed in platelets and the effects of individual isoforms of PI3K are somewhat agonist dependent. Akt becomes activated upon platelet stimulation with diverse agonists, such as collagen [6] , ristocetin/vWF [7] , thrombin [3, 58] , ADP [59] , IGF-1 [60] and Gas6 [61] . In each case, stimulation of Akt phosphorylation is dependent upon PI3K. However, the roles of each of the PI3K isoforms in the regulation of Akt phosphorylation by different agonists is still the subject of much study. The best-studied class of PI3Ks is designated class I and, thus far, these seem to have most relevance to platelet signaling. This class of PI3Ks is composed of two poly peptide subunits: a regulatory subunit and a catalytic subunit (for a review see [62] ). Platelets contain class IA regulatory subunits p85α, p85β and class IB p101γ. These may associate with the catalytic subunits p110α or β for the class IA enzymes, or with p110γ for the class IB. Genetic deletion of the catalytic subunit, for which the PI3K isoform is generally named, has yielded some insight into which isoforms regulate platelet function; however, results of studies conducted using subtype-selective inhibitors, gene deletion in mice or knockin of mutant forms of the PI3Ks have in some cases yielded contradictory results and suggest that the contribution of individual PI3Ks are agonist specific and, in some cases, cooperative.
In the first report addressing the role of PI3Kγ on Akt and platelet function, platelets from mice with genetic deletion of PI3Kγ displayed reduced aggregation and reduced Akt phosphorylation when stimulated with ADP; however, responses to other agonists were normal [63] . Although two additional studies confirmed defects in ADP-dependent aggregation in platelets from PI3Kγ −/− mice [64, 65] , one of these studies detected no difference in ADPdependent phosphorylation of Akt-Ser473 accompanying the defect in ADP-dependent aggregation [65] . This result, combined with the observation that PI3Kγ-selective kinase inhibitors had no effect on ADP-induced platelet aggregation, led the authors to conclude that PI3Kγ plays a role in ADP-dependent platelet function, and this role is not dependent on its catalytic activity or on Akt activation [65] . However, a recent study examining the platelets of mice expressing a kinase-dead mutant of PI3Kγ found that ADP-dependent Akt phosphorylation is, indeed, selectively inhibited in platelets lacking PI3Kγ enzymatic activity [66] . Loss of PI3Kγ expression was associated with resistance to thrombosis in an arterial injury model [64] and a disseminated thrombosis model [63] but the contribution of Akt signaling to PI3Kγ-dependent platelet responses in vivo remains difficult to interpret. While PI3Kγ signaling in platelets appears to be restricted to ADP-dependent pathways, a broader role for PI3Kβ is seen in Akt activation downstream of a number of platelet agonists. Studies using isoform-selective inhibitors suggest that PI3Kβ is required for Akt phosphorylation induced by the collagen receptor glycoprotein (GP)VI [67] , and also contributes to Akt activation induced by several agonists for G-protein-coupled receptors [68] . Platelets from mice expressing a kinase-dead form of PI3Kβ exhibit near-complete loss of Akt phosphorylation in response to the GPVI agonist, convulxin, the thromboxane mimetic U46619, and ADP; aggregation in these platelets is impaired by approximately 30% to U46619, by approximately 50% to ADP, and is nearly blocked in response to convulxin [66] . That ADPdependent Akt phosphorylation is ablated in the presence of kinase-dead forms of either PI3Kβ or γ suggests a possible cooperative relationship between the two isoforms and demonstrates that Akt activation is not strictly required for aggregation, since aggregation is reduced, but not ablated, by loss of activity of either isoform. There is also some evidence for unique roles of β and γ isoforms in stabilization of thrombi formed under arterial flow conditions. Mouse platelets lacking PI3Kγ failed to form thrombi of normal height on collagen and vWF-coated surface and the platelets detached with greater frequency [69] . As with platelets lacking PI3Kγ, mouse platelets treated with PI3Kβ inhibitor TGX-221 also detach more frequently from collagen-coated surfaces, but loss of PI3Kγ in combination with TGX-221 treatment did not yield additive effects [69] . Thus, both β and γ isoforms appear to be required for optimal thrombus formation and for optimal Akt activation. This, coupled with the defects in platelet activation and thrombosis seen in mice lacking Akt isoforms, suggests that at least part of the contribution of PI3K to platelet activity is due to Akt activation.
PI3Kα is also expressed in platelets, although its role in platelet function is not as well defined as that of PI3Kγ or β. Akt phosphorylation in platelets can be stimulated by IGF-1, and this mode of phosphorylation is predominantly sensitive to inhibitors of PI3Kα and is partially inhibited by an inhibitor of PI3Kβ [60, 70] . IGF-1 potentiates platelet aggregation responses to PAR1 agonist peptide, and its potentiating effect is blocked by inhibitors of PI3Kα [60] . PI3Kα inhibitors also block the effect of IGF-1 on Akt phosphorylation, suggesting that PI3Kα-dependent Akt activation may enhance aggregation to PAR1 agonist. In summary, agonists stimulate unique pathways leading to activation of individual PI3K isoforms and the α, β and γ isoforms all play some role in activation of Akt by various agonists. The role of PI3Kα in thrombus formation has not been evaluated directly. Table 1 provides a summary of the functional effects of genetic deletion or inhibition of Akt-regulatory proteins in platelets.
The role of PI(3,4,5)P3 versus PI(3,4)P2 in Akt activation in platelets is still not entirely clear. Lova et al. reported that exogenous application of PI(3,4)P2 was as effective in mediating Akt phosphorylation as PI(3,4,5)P3 [28] . It has been reported that, following thrombin activation of platelets, an initial wave of PI(3,4,5) P3 is generated, followed by a later wave of PI(3,4)P3 generated upon integrin activation [57] . While this latTer wave was initially reported to be associated with a second wave of Akt phosphorylation [58] , a more recent study detected no difference in thrombin-induced Akt phosphorylation following integrin blockade with RGDS [21] . Ma et al. recently reported that in B cells, levels of PI(3,4)P2 correlate with phosphorylation of Ser473, while PI(3,4,5) P3 levels regulate Thr308 phosphorylation, implying that both phosphoinositides may play important roles in regulating Akt activity [71] . In any case, enzymes that regulate the concentration of either of these two phosphoinositides may effect activation of Akt. The best-characterized phosphoinositide phosphatase in platelets to date is Src homology 2-containing inositol phosphatase-1 (SHIP1), which dephosphorylates PI (3, 4, 5) P3 at the D5 position and may, therefore, be expected to regulate both basal and agonist-mediated PI(3,4,5)P3 levels. The effects of SHIP1 deletion on platelet function are controversial [72] [73] [74] . In one report, deletion of SHIP1 was accompanied by an increase in adhesion under physiological flow conditions, suggesting a negative role for SHIP1 in platelet adhesion [73] . By contrast, Severin et al. reported reduced outside in signaling of integrin α IIb β 3 in SHIP1 −/− platelets and a decrease in arterial thrombus formation in vivo, suggesting a positive role for SHIP1 in platelet function and thrombosis [74] . Akt phosphorylation was not directly measured in either study, so, presently, it is not clear whether the functional results of SHIP1 deletion were in part, due to effects on Akt activation. Another phosphatase, PTEN, catalyzes the hydrolysis of the inositide D3 phosphate in many cells, and its expression in platelets has been detected [4] . The effects of PTEN deletion in platelets have not yet been reported.
There are some reports of PI3K-independent pathways to Akt activation. Kroner et al. reported that thrombin-dependent phosphorylation of Akt-Ser473 in platelets was not completely inhibited by the PI3K inhibitor LY294002 but was substantially inhibited by inhibitors of PKC isoforms α or β; however, PKC activity was insufficient to induce Akt phosphorylation in vitro, suggesting that another cofactor in the platelet lysate was required [3] . Resendiz et al. have also noted that during early time points after PAR1 or PAR4 stimulation (1 min and earlier), some platelet Akt phosphorylation is insensitive to PI3K inhibitors [21] . These PI3K-independent pathways are sensitive to inhibitors of phospholipase C, PKC, calcium and calmodulin but the details of these pathways remain to be fully described.
As mentioned previously, the pathways to Akt phosphorylation are somewhat agonist specific; however, Akt phosphorylation induced by a number of agonists, including thrombin, collagen, convulxin and ADP, are all dependent on the P2Y 12 receptor for ADP [59, 67, 75, 76] . ADPstimulated Akt phosphorylation is entirely dependent on the Gi-coupled P2Y 12 receptor, rather than the P2Y 1 receptor. Thrombin-dependent signaling to Akt is also dependent on P2Y 12 and is dramatically inhibited by inhibitors of P2Y 12 or PKC inhibitors that block ADP secretion following thrombin exposure [59] . This is owing to an apparent requirement for activation of the Gi-subunit coupled to P2Y 12 [75] . Further studies by the Kunapuli laboratory suggest that selective stimulation of G12/13 by PARs potentiates Gi-dependent signaling to Akt via a Src family kinase-dependent pathway [76] . The mechanism by which stimulation of Gi subunits leads to Akt activation is also dependent on Src family kinases, but the precise pathway remains to be elucidated. Figure 1 provides a summary of thrombin-mediated regulatory pathways of Akt activation in platelets.
Taken together, studies from platelets and other cells suggest that D3 phosphorylated phosphoinositides bind to the PH domain of Akt, allowing colocalization of Akt with the PDKs mediating its phosphorylation and activation. However, there remain many questions regarding how Akt becomes activated by different agonists in platelets, and the relative roles of PI3K family members and other kinases, such as PKC, in its activation.
Akt pathways in human platelets & disease
Despite compelling evidence from numerous animal models that Akt regulates platelet activation and thrombosis, evidence for a direct causal role of the dysregulation of Akt signaling in either human thrombosis or bleeding disorders is sparse. Much of the evidence for the contribution of Akt-dependent pathways to human cardiovascular disease comes from analysis of genome-wide association studies of SNPs in the genes coding for these proteins with particular human disease or functional effects. Variant TRIB3, a protein known to regulate insulin-dependent signaling to Akt, is associated with early-onset myocardial infarction (MI) in patients with Type 2 diabetes [77] . This TRIB3 variant was recently shown to reduce Akt and eNOS activation in endothelial cells, with consequent reduction in vascular NO concentrations [78] . It is unknown whether any effects on platelet activity result from expression of the variant. A polymorphism in the gene for soluble CD40 ligand (sCD40L) has been reported to regulate plasma levels of the protein and the concentration of sCD40L in plasma independently associated with the risk of acute coronary syndrome [79] . sCD40L has been shown to affect Akt activation in platelets [80] , suggesting a potential role for platelet Akt in contributing to this effect. A stronger case can be made for a role for Akt2 in regulating general platelet activity, since expression of a polymorphic variant of Akt2 was associated with platelet function in a screen of 500 healthy European individuals [1] . Also supporting a role for a PI3K family member in human platelet derivation and function, a SNP associated with expression of PI3Kγ was recently found to associate with changes in mean platelet volume and annexin V binding, although these changes may not be Akt dependent [81] . These studies suggest that Akt and its regulatory pathways contribute to human platelet function and may contribute to cardiovascular disease, but the multifactorial nature of cardio vascular disorders may make it difficult to identify components directly attributable to variants in Akt isoforms.
The redundancy of platelet pathways may make a unique contribution of any individual Akt isoform to cardio vascular disease rather rare. This may parallel the relative contribution of Akt iso-forms to diabetes in humans. Although the loss of Akt2 clearly leads to a diabetic phenotype in mice, mutation of Akt2 is rare (although documented) as a causal factor in insulin resistance and diabetes [82] .
Akt pathways & drug development
Although data from mouse models suggest that Akt inhibitors may be beneficial to reduce prothrombotic effects in platelets, no studies to evaluate Akt inhibitors for prophylaxis of thrombotic sequellae in human patients have been undertaken yet. There are good reasons for remaining cautious in exploring Akt inhibitors for this indication. Akt isoforms are widely expressed and, of particular relevance for cardiovascular indications, have been shown to mediate recovery from ischemia-reperfusion injury following MI [83, 84] . As such, Akt inhibitors may be counterindicated in patients suffering prior MI. Akt activation is also broadly associated with enhanced neuronal survival in animal models of stroke -an endogenous inhibitor of Akt was recently found to be required for ischemia-induced neuronal death in a mouse stroke model [85] . Akt1 is important for phosphorylation of endothelial eNOS, and the loss of Akt1 was found to reduce NO release and angiogenesis [86] . Endothelial NO production is important for maintaining vasorelaxation, as well as limiting platelet activation, suggesting that inhibition of Akt1 might interfere with these positive aspects of cardiovascular regulation [17, 18] . In addition, although mTOR complexes contribute to Akt activation in some cells [51, 52] , the mTOR inhibitor rapamycin enhances arterial thrombus formation in a mouse model, probably through enhancing endothelial tissue-factor expression, rather than through a direct effect on platelets [87] .
Nevertheless, proteins that target the activation of Akt in platelets have been promoted as attractive targets for development of antithrombotic therapeutics; perhaps chief among these is PI3Kβ. A PI3Kβ-selective inhibitor, TGX-221 was found to reduce adhesion of human platelets to fibrinogen under arterial flow conditions and to reduce thrombosis in a rat Foltstype stenosis injury model [68] . However, administration of TGX-221 to the rat did not impair hemostasis, as measured using tail-bleeding time. TGX-221 was also not associated with hypotension or carotid vasodilatation, as was seen for other nonselective PI3K isoform inhibitors [88] . The efficacy of Akt inhibitors for this indication has yet to be tested in vivo. Several Akt inhibitors have been found to inhibit PAR1-mediated aggregation, but others have shown unexpected non-specific effects on platelets, such as inducing P-selectin exposure [21] or enhancing PAR1-mediated aggregation [23] . Most inhibitors identified to date are nonselective among individual isoforms. A new compound was recently reported for serving as a basis for structure-activity-based design of Akt2-selective compounds [89] . The development of more potent and selective competitive small-molecule inhibitors for Akt isoforms may, thus, help to determine whether any of the individual Akt isoforms are a viable target for thrombosis. In addition, continued development of selective inhibitors for individual PI3K isoforms looks to be a promising avenue for antithrombotic therapy [90] . Increasing our understanding of the PI3K-Akt pathway and its regulation will probably continue to yield promising targets for therapeutic development.
Expert commentary
The dual observations that thrombin induced production of PI(3,4,5)P3 [57] , and treatment of platelets with PI3K inhibitors reduced the stability of platelet aggregates [91, 92] , raised suspicion that Akt was a functional target for PI3K products in platelets. The development of gene-targeting techniques in mice facilitated confirmation of this suspicion, since deletion of Akt1 resulted in reduced hemostatic responses [6] , and mice lacking Akt2 had reduced sensitivity to thrombotic insult [5] . The presence of both of these isoforms in human platelets, combined with the recent identification of a variant SNP in the gene for Akt2 associated with platelet functional response [1] , suggest that Akt also regulates human platelet activation. Analyses of additional mouse models have allowed the identification of a number of proteins regulating the activity of Akt and platelet function, among them, PI3Ks α, β and γ. The Akt effectors contributing to platelet function in vivo are still being determined but promising candidates include GSK3, eNOS, PDE or the β 3 tail. The identification of platelet regulatory pathways in mice presents us with a challenge to determine whether defects in any of these pathways are associated with disorders of hemostasis or contribute to platelet hyperactivity and thrombosis. These types of studies are increasingly feasible. The identification of new isoform-selective inhibitors of Akt or its regulating PI3Ks will allow additional basic analyses of the role of individual isoforms in human platelets and also serve as platforms for studies evaluating the feasibility of Akt and its regulatory proteins as drug targets for managing thrombosis.
Five-year view
The next 5 years promises to reveal more about the complexities of Akt activation in platelets and how Akt pathways may be dysregulated in disease states. In particular, whether aberrant signaling due to variant forms of Akt, PI3Ks or their regulators contribute to thrombophilia or hemostatic defects is a question only beginning to be addressed using genome-wide association studies in large patient populations. New research is also expected to address whether activation of Akt pathways contributes to platelet hyperactivity and thrombophilia associated with conditions such as diabetes. Whether any of the three Akt isoforms is a preferential target for antithrombotic therapeutics and whether they play any unique roles in signaling of human platelets remains to be determined. Both the list of upstream Akt regulatory pathways and downstream effectors in platelets remain incomplete. Of note, several investigators have noted that there is evidence for PI3K-independent signaling to Akt in platelets [3, 5, 21] . This pathway is, to date, uncharacterized. It is also unclear to what extent the possible effectors GSK3, eNOS, PDE or the β 3 tail contribute to the positive role of Akt in platelet aggregation and thrombosis, or whether other currently uncharacterized effectors may play important roles. Clearer understanding of these pathways regulating Akt activation and its downstream targets will allow us to develop better inhibitors for therapeutic intervention in patients suffering from acute coronary syndrome and other prothrombotic complications, and to limit bleeding episodes and other side effects.
Key issues
• Human platelets express three Akt isoforms. Deletion of Akt1 in mice reduces platelet responses to collagen and thrombin in vitro and increases tail-bleeding time. Loss of Akt2 results in impaired responses to PAR4 agonist or ADP, but not collagen, and reduces thrombosis in arterial injury models.
• Association of Akt2 variants with platelet function in humans suggests that Akt isoforms also contribute to human platelet activity, but any contribution of Akt signaling to thrombosis in humans is, as yet, unclear.
• Akt regulates platelet secretion, probably subsequent to initial aggregation (second-wave secretion).
• Akt contributes to phosphorylation of PDE3A, GSK3β and possibly endothelial nitric oxide synthase and the β 3 integrin tail in platelets. The relative roles of these substrates in regulating platelet activation are still undefined.
• Akt activation is regulated by PI3 k α, β and γ, and is also probably regulated by phosphoinositide phosphatases, SHIP1 and, possibly, PTEN, as these phosphatases regulate PI(3,4,5)P3 levels. There are PI3K-independent mechanisms of Akt activation that remain to be identified.
• Akt activation induced by ADP, thrombin or collagen is dependent on activation of Gi signaling by the P2Y 12 receptor and on activation of Src family kinases.
• Proteins contributing to Akt activation, particularly PI3Kβ, may make attractive targets for development of antithrombotic therapeutics.
• Individual isoforms of Akt may also be potential targets for antithrombotic therapy but would probably require development of more isoform-selective inhibitors.
Figure 1. Mechanisms of thrombin-mediated Akt activation in platelets
Soluble platelet agonists, such as thrombin, ADP and thromboxane A 2 , induce PI3K-dependent production of PI(3,4,5)P3. Akt is activated by binding of this 3-phosphorylated phosphoinositide to the pleckstrin homology domain, which then colocalizes at the membrane with PDK1 and PDK2, which phosphorylate Akt on Thr308 and Ser473, respectively. The molecular identity of PDK2 in platelets is still unclear. Akt activation is limited by hydrolysis of PI(3,4,5)P3 by two phosphatases: SHIP1 and PTEN. PLC: Phospholipase C; SFK: Src family protein kinase; SHIP: Src homology 2-containing inositol phosphatase.
